New nonnucleoside analogs are being developed as part of a multi-drug regimen to treat hepatitis C viral infections. Particularly promising are inhibitors that bind to the surface of the thumb domain of the viral RNA-dependent RNA polymerase (NS5B). Numerous crystal structures have been solved showing small molecule non-nucleoside inhibitors bound to the hepatitis C viral polymerase, but these structures alone do not define the mechanism of inhibition. Our prior kinetic analysis showed that nonnucleoside inhibitors binding to thumb site-2 (NNI2) do not block initiation or elongation of RNA synthesis; rather, they block the transition from the initiation to elongation, which is thought to proceed with significant structural rearrangement of the enzyme-RNA complex. Here we have mapped the effect of three NNI2 inhibitors on the conformational dynamics of the enzyme using hydrogen/deuterium exchange kinetics. All three inhibitors rigidify an extensive allosteric network extending >40 Å from the binding site, thus providing a structural rationale for the observed disruption of the transition from distributive initiation to processive elongation. The two more potent inhibitors also suppress slow cooperative unfolding in the fingers extension-thumb interface and primer grip, which may contribute their stronger inhibition. These results establish that NNI2 inhibitors act through long range allosteric effects, reveal important conformational changes underlying normal polymerase function, and point the way to the design of more effective allosteric inhibitors that exploit this new information.
deaths in the United States per year than HIV (1) . Multiple HCV proteins are targets for small molecule inhibitors, most notably the RNA-dependent RNA polymerase, termed nonstructural protein 5B (NS5B). Recently, new therapies based upon combined nucleoside analogs and nonnucleoside inhibitors acting directly against the viral replication have dramatically improved the prognosis of treatment while eliciting fewer side effects (2) compared with treatments with interferon. However, the biochemical mechanisms of action of these inhibitors are not fully understood.
Like other polymerases, NS5B consists of "fingers," "palm," and "thumb" subdomains ( Fig. 1 ) whose organization can be likened to a closed right hand (3) (4) (5) (6) . Two unique features of NS5B are an extension of the fingers domain that reaches over the active site to contact the thumb domain to enclose the active site and a ␤-loop that projects from the thumb domain into the active site to block the binding of duplex RNA (Fig. 1) . Current models suggest that the ␤-loop may be required for de novo initiation but then must swing out of the active site in the transition from initiation to elongation mode (7, 8) . NS5B also has a C-terminal linker containing a membrane-anchoring domain ( Fig. 1) , and although membrane association is required for replication in vivo, it is not required for biochemical activity. In this study we use the truncated ⌬21 construct lacking the membrane anchor. However, the remaining C-terminal peptide (beyond residue ϳ550) occludes the active site in the apoenzyme but is missing in the structure of the initiation complex (7) , so its role in initiation and elongation is unknown.
NS5B is targeted by two major classes of inhibitors; nucleoside analog inhibitors that are incorporated into the newly synthesized RNA to act as chain terminators and nonnucleoside inhibitors (NNIs) that allosterically inhibit enzyme activity, analogous to the inhibition of HIV (9) . Of particular interest here are the thumb site 2 inhibitors that bind to the surface of the thumb domain (NNI2). Crystal structures of NS5B bound to NNIs have been solved (10) , but the structures fail to reveal any significant changes in the enzyme active site, and little is known about their mechanisms of action or the identity of steps that are inhibited.
Delineating NNI inhibition mechanisms is complicated by the complex replication cycle of NS5B. During de novo initiation, NS5B binds to the 3Ј-UTR of the single-stranded RNA template and catalyzes the linkage of the first two complementary nucleotides to form a dinucleotide that will act as the primer for subsequent addition. This process is very slow and inefficient in vitro and is followed by several rounds of additional nucleotide incorporation with significant accumulation of abortive intermediates. After incorporation of ϳ4 -6 nucleotides the polymerase undergoes a transition to rapid processive elongation (8, 11) . NNIs might in principle impact any one or more of these various stages of RNA synthesis (namely, initiation, transition, or elongation), and it is important to understand which steps are inhibited and how an allosteric effector binding to the surface of the enzyme can attenuate reactions at the active site.
In our recent work we showed that NNI2s inhibit replication by blocking the transition from initiation to the elongation mode (11) , which is thought to proceed with a substantial rearrangement of the enzyme involving, at the very least, the movement of the ␤-loop out of the active site. Here we complement these studies using hydrogen/deuterium exchange monitored by mass spectrometry (HDX-MS). For proteins the size of NS5B, HDX-MS provides a useful approach for probing conformational dynamics and perturbation by ligands. Proteins for which HDX-MS has revealed the dynamical basis of allostery include nuclear receptors (12) , G protein-coupled receptors (13) , the viral polymerase HIV-1 reverse transcriptase (14) , and many others (15) (16) (17) (18) (19) .
In our initial HDX-MS studies on NS5B reported here we document the fundamental exchange dynamics observed in the apoenzyme and the changes in dynamics after binding NNI2 to the surface of the thumb domain. These data provide direct evidence for long range effects of inhibitor binding propagating from the binding site to domains throughout the protein. By correlating the solution dynamics of individual peptides observed by HDX-MS with the inhibition of specific steps of the replication cycle in kinetic studies, we provide new insights into the molecular basis of inhibition. Moreover, these studies provide some information to reveal the enzyme conformational dynamics underlying RNA replication.
Experimental Procedures
Nucleic Acids, Chemicals, and Protein-Filibuvir and GS-9669 were kindly provided by Gilead Sciences. Lomibuvir (VX222) used in HD exchange was purchased from Selleckchem Chemicals. Optima (LC/MS) grade water and acetonitrile were obtained from Fisher, and formic acid was obtained from Sigma. D 2 O, DCl, and NaOD were obtained from Cambridge Isotopes. N-terminal penta-His-NS5B⌬21 (con1 strain, GT1b with a 21-amino acid deletion at the C terminus) was cloned, expressed, and purified as described previously (8) and dialyzed into storage buffer (50 mM Tris-HCl, pH 7, 400 mM NaCl, 2 mM DTT, 10% glycerol).
HD Exchange Kinetics-The buffered solution containing NS5B was exchanged into elongation buffer (40 mM Tris-HCl, pH 7.4, 150 mM NaCl, 5 mM DTT, 2 mM MgCl 2 ) using Amicon ultracentrifugal filters to achieve a final enzyme concentration of ϳ20 M. The coverage map for NS5B was obtained from undeuterated controls as follows: 5 l of NS5B in elongation buffer was diluted with 45 l of elongation buffer at room temperature followed with the addition of 200 l of ice-cold quench (100 mM phosphate buffer, 1.5 M guanidine-HCl, pH 2.4). The samples were immediately injected into a Waters HDX nano-Acquity UPLC (Waters, Milford, MA) with in-line pepsin digestion (porozyme immobilized pepsin cartridge from Applied Biosystems). Peptic fragments were trapped on an Acquity UPLC BEH C18 peptide trap and separated on an Acquity UPLC BEH C18 column. A 7-min, 5% to 35% acetonitrile (0.1% formic acid) gradient was used to elute peptides directly into a Waters Synapt G2 mass spectrometer (Waters). MS E data were acquired with a 20 -30 V ramp trap collision energy for high energy acquisition of product ions as well as continuous lock mass (Leu-enkephalin) for mass accuracy correction. Peptides were identified using the ProteinLynx Global Server 2.5.1 (PLGS) from Waters using the following settings: peptide tolerance 10 ppm, fragment tolerance 20 ppm, and a limitation on sizes of peptide lower than 4 residues used. The most stringent constraints of 0.3 fragments per residues was applied in DynamX.
NNI2s were added to the desired concentration using 100ϫ stock in 100% DMSO. Apoenzyme control samples contained 1% DMSO (v/v). HD exchange reactions were performed as follows. 5 l of 20 M NS5B in elongation buffer containing 1% DMSO with or without 100 M NNI2 was incubated in 45 l of elongation buffer, 99.99% D 2 O, pD 7.4, with 1% DMSO complemented with or without 100 M of corresponding NNI2. All reactions were performed at 25°C. Before injection, deuteration reactions were quenched at various times (10 s, 1 min, 10 min, 1 h, and 2 h) with 200 l of 100 mM phosphate buffer, 1.5 guanidine-HCl, pH 2.4, for Lomibuvir samples and its corresponding apo samples. Back exchange correction was performed against fully deuterated controls acquired by incubating 5 l of NS5B in 45 l of elongation buffer, 99.99 D 2 O, pD 7.4, containing 5.2 M deuterated guanidine DCl for 2 h at 25°C before quenching (without guanidine HCl) and injection. To remedy an excessive back exchange observed with and without Lomibuvir samples, the peptide trap was removed from the trap valve and placed on the floor of HDX manager, and quenching was changed to 100 l of 100 mM phosphate buffer, 2 M guanidine-HCl, pH 2.4, with and without Filibuvir, GS-9669 samples. As a consequence, the observed back exchange was reduced by ϳ20%, and the average standard deviation over all peptic fragments and time points was reduced by ϳ25%. All deuteration time points and controls were acquired in triplicates.
The deuterium uptake by the identified peptic fragments through increasing deuteration time and for the fully deuterated control was determined using Water's DynamX 2.0 software. The normalized percentage of deuterium uptake (% D) at an incubation time t for a given peptide was calculated as,
where m t is the centroid mass at incubation time t, and m 0 is the centroid mass of the undeuterated control and the centroid mass of the fully deuterated control. The percent deuteration difference plots ⌬% D (Apo-Holo) were generated using the percent deuteration calculated. Confidence intervals for the ⌬% D of any individual time point were determined using the method outlined by Houde et al. (20) adjusted to percent deuteration using the fully deuterated controls. A 98% confidence interval of Ϯ6.47% D for any single time point was determined for Lomibuvir-bound and the corresponding apoenzyme acquisitions. For GS-9669-bound, Filibuvir-bound, and their corresponding apoenzyme acquisitions, a 98% confidence interval of Ϯ 4.91% D for any single time point. Confidence intervals (98%) were plotted on the ⌬% D plots as horizontal dashed lines. EX1 type cooperative unfolding was analyzed using HX-Ex-press2 (21) .
Results
A companion paper (11) showed that NNI2s inhibit RNA replication by slowing the transition from initiation to elongation, implying long range structural effects of NNI2s on enzyme dynamics. To gain insights into the underlying molecular basis for this allosteric inhibition, we used HDX kinetics to quantify changes in enzyme dynamics in the absence and presence of three different NNI2s.
HDX Kinetics of ApoNS5B-We successfully identified 146 peptides covering 96.5% of the sequence. A representative subset of peptides ( Fig. 2C ) with nearly complete coverage was used to map the percent deuterium incorporation (% D) for each time point onto the NS5B structure. In Fig. 2A , the % D is colorcoded from blue for highly protected to red for very labile peptic fragments. The overall HD exchange profile reveals highly protected regions of the fingers and palm. This region is characterized by protection from exchange throughout the entire deuterium incubation time range probed (10 s to 2 h) and spans buried stretches of helices N, M, C, H, K, L, G, F and E according the secondary structure naming by Bressanelli et al. (5) . This highly protected scaffold parallels the overall HD exchange behavior observed for HIV-1 RT (22) pointing to potential similarities in structural and conformational dynamics design across related A-family polymerases. Another distinct yet smaller region located in the thumb is also largely protected from exchange throughout the entire deuterium incubation time range. This region is composed of buried of portions of helices Q, P, and R and parts of ␤-strands 17 and 18 that form the ␤-loop. Together, these two regions constitute the stable core of NS5B as probed by HD exchange.
In contrast, HD exchange also reveals three highly labile regions. The C-terminal tail, parts of the fingers extension loop, and parts of the NNI2 binding site show significant exchange as early as 10 s. The mostly unstructured C-terminal tail, which folds back into the RNA binding channel, is highly exchangeable, although very mild protection is observed early (10 s) at the very C-terminal end. Similarly, the ⌬1 and ⌬2 fingers extension loops, including the thumb-inserted ␣A (NNI1 and GTP binding site), are largely exchanged at 10 s with the notable exception of ␤-sheet-forming strands ␤2 and ␤5 that are protected from exchange for up to 10 min. Finally, a portion of ␣T (residues 496 -511), which forms part of the NNI2 binding site, displays significant exchange at 10 s. Interestingly, this stretch spans the middle of ␣T, suggesting a very dynamic nature for this ␣-helix. With the exception of ␣T at the NNI2 binding site, most of these high exchange regions are somewhat unstructured and/or solvent-exposed, reflecting a possible need for conformational flexibility for efficient catalytic function.
Effects of NNI2 on Enzyme Dynamics- Fig. 3 shows the differences in % D (⌬% D) between apoNS5B or NNI2-bound NS5B ( Fig. 1 , and the numbers mark the residue numbers delineating each subdomain. The ⌬% D values are displayed for each peptic fragment and color-coded to indicate the time of incubation (see the Fig. 3 legend) . The 98% confidence interval in ⌬% D for any individual D 2 O incubation time point was determined based on the method outlined by Houde et al. (20) , and plotted as horizontal dashed lines.
Local Effects at the NNI2 Binding Site-As expected, the NNI2 binding site ( Fig. 3 , motif XII) displays some of the biggest ⌬% D. All three NNI2s induce largely similar deuterium exchange protection patterns in the immediate vicinity of the binding site ( Fig. 4) , where the subdomains colored in blue show a more rigid structure and those in red show more flexibility after binding the inhibitor. As illustrated in Fig. 4 , these local effects on HDX are in agreement with the binding sites defined by crystallography (23) (24) (25) or predicted by MD simulations (26) . The HD exchange protection observed at the earliest incubation time (10 s, red curve in Fig. 3 ) is consistent with the burial and/or H-bond formation of exchangeable amide hydrogens around residues His-475, Ser-476, and Tyr-477 (asterisks in Fig. 3 ). Additional known inhibitor contact residues Leu-497, Arg-501, and Trp-528 are also shown in Fig. 4 .
Although our results indicate all three NNI2s induce a change in the backbone conformational flexibility around Trp-528, Filibuvir induces a markedly more pronounced effect. Indeed, the region surrounding Trp-528 is the only instance where Filibuvir resulted in a greater magnitude of ⌬% D than Lomibuvir and GS-9669 (ϩ in Fig. 3 , motif XII). Whereas Lomibuvir and GS-9669 resulted in significant ⌬% D at long incubation time points for peptide 525-528, Filibuvir resulted not only in a greater magnitude ⌬% D for the same stretch but also a significant decrease in exchange at 10 s in the adjacent peptide 528 -534. This could be explained by the observation that Filibuvir is much more extended toward the C-terminal end of ␣U than Lomibuvir and GS-9669 based on a structural alignment with 4EO6 ( Fig. 4) . This difference in contacts may be responsible for the greater stabilization in the vicinity of the binding site seen for Filibuvir.
Throughout the protein there is only one instance of a statistically significant increase in deuterium exchange upon NNI2 binding, and this was observed only for thiophene derivatives Lomibuvir and GS-9669. This was revealed as the negative ⌬% D in Fig. 3 , motif XII, and is illustrated in Fig. 4 (pink) as the loop connecting ␣S and ␣T.
Long Range Effects of NNI2s on Enzyme Dynamics-Of greater interest are the long range effects, which we define as residues that are beyond the first or second shell of amino acids surrounding the inhibitor. Fig. 3 clearly shows that binding of row displays the top view, and the incubation time is indicated across the top. Percent deuterium incorporation is mapped according to the color gradient indicated in the legend. B, normalized deuterium uptake curves for selected peptides illustrating highly protected, unprotected, and moderately protected regions. C, representative peptides selected for the display of % D on the structures in A. In a particular peptide, overlapping regions that were omitted from representation are white. N-and C-terminal regions missing electron density in the crystal structure were also white. each of the three NNI2s principally results in slowing the rate of deuterium exchange throughout the protein, not only at the inhibitor binding site but at distant sites as well. Indeed, peptides in the fingers, fingers extensions, palm, thumb, ␤-loop, and C-terminal tail display significant decreases in deuterium incorporation. In some cases the loss in % D in distant regions is comparable if not greater than at the inhibitor binding site (Fig.  3 ). This extended loss in deuterium uptake defines a large network of residues rigidified upon NNI2 binding.
As summarized in Fig. 5 , there is an extensive overlap in the regions rigidified by the three NNI2 tested. The sequences displaying common effects across all three NNI2s have been highlighted in dark blue in Fig. 5A and mapped onto the structure of NS5B in Fig. 5B . This common allosteric network is characterized by the loss in conformational flexibility in the fingers, fingers extension loop, parts of the thumb, and the NNI2 binding site.
Away from the NNI2 binding site, the network extends through the fingers extensions to the fingers subdomain across the RNA binding cleft (Fig. 5B) . NNI2 binding induces a loss in conformational flexibility in both ⌬1 (motif I in Fig. 3 ) and ⌬2 (motif IV in Fig. 3) fingers extension loops and a significant allosteric suppression of conformational flexibility in the fingers, including in the active site area (motif II, V, VI, and VII in Fig. 3 ) and at the ␣D-␣E loop (motif III in Fig. 3 ) at the tip of the fingers atop the RNA binding cleft. These distant effects on deuterium incorporation are characterized by significant ⌬% Ds at later deuterium incubation times (yellow, blue, and purple curves in Fig. 3 ), indicating that NNI2 binding results in the restriction of conformational fluctuations that lead to exposure of amide hydrogen.
Losses in Conformational Dynamics upon Binding NNI2s Is Correlated with Inhibitor Potency-Although we have observed and mapped common allosteric effects among these three NNI2s, there are also some noticeable differences between the various NNI2s tested. Initial examination of Fig. 3 clearly shows that the magnitude in ⌬% Ds can be ranked in the order Lomibuvir Ͼ GS-9669 Ͼ Filibuvir. In addition, further examination reveals peptides displaying significant ⌬% D specific to each NNI2 not common to all three NNI2s. These differences are mapped onto the structure in Fig. 6 with a surface rendition.
Our results highlight a marked chemotype-dependent differential effect on the HD exchange behavior; Lomibuvir and GS-9669 induce significantly stronger allosteric restrictions of conformational dynamics in the front end of RNA binding cleft than Filibuvir. Most notably, the ␤-loop (motif XI in Fig. 3 ) displays losses in deuterium incorporation for Lomibuvir and GS-9669. This ␤-loop protrudes from the thumb into the RNA binding cleft, and its displacement from the active site is thought to be required for the transition to efficient elongation. Lomibuvir and GS9669 affect different areas of the ␤-loop. For Lomibuvir, it is the apex of the ␤-loop. For GS9669, the strands are more affected. Regardless, they stand on contrast of Filibuvir, which has no effects on the ␤-loop. In addition to the C-terminal tail and ␤-loop, helices of the fingers domain and palm and the tip of the thumb (loop ␣O-␣P) are also differentially affected by the different NNI2 ( Fig. 6) . Interestingly, the distance between loop ␣D-␣E (part of the common allosteric network) and ␣O-␣P can characterize the open/closed state of NS5B; the distance between the side chains of residue His-95 and Pro-404 was ϳ4 Å in 3FQL.pdb and ϳ6 Å in the apo (1C2P.pdb). This distance increased to ϳ16 Å in co-crystals with the dinucleotide primed-template, clearly showing the required displacement of ␣O-␣P to accommodate the dinucleotide primer before the displacement of the ␤-loop for the elongation complex (7) . For the most part, Lomibuvir and GS-9669 restricted the motions of these loops (␣D-␣E and ␣O-␣P) along with the C-terminal tail and the ␤-loop, possibly indicating a stabilization of the closed state. In contrast, Filibuvir induces a much milder effect on this region with only the ␣D-␣E loop and the ␣O-␣P loops sitting atop of the ␤-loop displaying significant rigidification but not the ␤-loop/C-terminal tail motif (Fig. 6 ).
The binding of Lomibuvir or GS-9669, but not Filibuvir, resulted in significantly decreased deuterium uptake in residues 550 -564 of the C-terminal tail (motif XIV in Figs. 3 and 6 ). This region includes Trp-550 and Phe-551 ( Fig. 6 ), that are known to interact with the ␤-loop (27) , and Asp-559, which is known to interact with the tip of the fingers (28) . This Lomibuvir/GS-9669-induced ⌬% D was observable at early incubation times (10 s, red curve motif XIV in Fig. 3 ), suggesting a small yet significant increase in secondary or tertiary structure stability upon inhibitor binding. This structural difference is accompanied by decreases in conformational flexibility in the vicinity of this C-terminal tail stretch for Lomibuvir and GS-9669 that are largely absent for Filibuvir.
Compared with Filibuvir, the additional restrictions of the conformational dynamics induced by thiophene-based Lomibuvir/GS-9669 outline a more extensive allosteric network that entirely encircles the RNA binding cleft. The order Lomibuvir Ͼ GS-9669 Ͼ Filibuvir, observed in ranking the magnitude of the effects on ⌬% D, correlates with the potency of inhibition seen in kinetic studies (11) .
Cooperative Unfolding of ⌬2 Loop/Primer Grip-Detailed examination of the exchange kinetics also revealed the slow cooperative unfolding of the ⌬2 loop/primer grip motif. This cooperative unfolding is denoted by the characteristic EX1 kinetics behavior displaying double envelope isotopic peak distributions (29) with the progressive disappearance of an exchange-protected envelope concomitant with appearance of an unprotected envelope. Fig. 7 shows two representative peptides, illustrating this cooperatively unfolding. Fig. 7 , D and E, shows stacked spectra with the overall distribution along with each individual envelope. Fig. 7B localizes the peptic fragments involved in the cooperative unfolding on the structure. These regions span ␤4 and ␤5 of the ⌬2 loop and C-terminal end of ␤16 into the N-terminal half of ␣O, which is the primer grip motif. Along with loop ␣S-␣T and ␣A helix from the ⌬1 fingers extension loop, they form part of the interface between the fingers extensions and the thumb with residues of ␤5 making contact with ␣O (Fig. 7B) . The slow cooperative unfolding indicates that residues in the region undergo correlated motions that expose multiple amide hydrogens. The difference in the center of each isotopic envelope suggests that these motions involve ϳ4 -5 amide hydrogens in each peptide. Such a large conformational change may point to motions that lead to the unraveling of ␤5 and the N-terminal portion of ␣O. Fig. 7 , D and E, show that, in the apo form, ϳ50% sampling of unfolded state occurs after ϳ10 min of incubation in deuterium for fragment 137-145 (⌬2 loop) and ϳ1-2 h for fragment 384 -397. These slow exchange kinetics indicate that the exchange-competent conformation in these regions is a rarely sampled state.
The observed ⌬2 loop/primer grip cooperative unfolding described in apoNS5B is also suppressed in a chemotype-dependent manner. Fig. 7, A and C, show the relative unfolding of ⌬2 loop and primer grip motifs in the absence and presence of all three inhibitors. Lomibuvir greatly reduces the unfolding of both the ⌬2 loop and the primer grip motif. Similarly, GS-9669 reduces the unfolding of both structural elements, albeit to a lesser extent for the primer grip motif. This behavior stands in contrast with Filibuvir, which does not seem to have an effect on these motifs.
Discussion
Recent advances in combination therapies have greatly improved the prognosis for treatment of HCV infections (2) . However, as one component of the combination therapy, the mechanism of action of nonnucleoside inhibitors is poorly understood. Here we provide the first evidence to relate structure to the observed kinetic effects of thumb site 2 inhibitors using hydrogen/deuterium exchange monitored by mass spectral analysis of individual peptides. The NNI2 binding site is located on the surface of the enzyme away from the RNA binding channel, active site, and other functionally relevant motifs (␤-loop, C-terminal tail, and fingers extension). Although there are numerous NNI-bound structures, a molecular mechanism of inhibition cannot be inferred from structure alone. Multiple studies have shown that binding of these NNI2s to NS5B is accompanied by a significant increase in T m (27, 29, 30) ; however, an increase in T m could be simply attributed to the stabilization of the folded state by the inhibitor binding energy and need not require long range conformational changes.
We performed these studies to characterize hydrogen/deuterium exchange dynamics using enzyme in the absence of RNA. Because of the initiation reaction is only ϳ50% efficient FIGURE 5. Common local and long range effects on deuterium uptake induced by all three NNI2. A, differences in percent deuterium incorporation of apo versus holo NS5B for all three NNI2 inhibitors mapped on the sequence of NS5B. Peptic regions displaying significant ⌬% D at any D 2 O incubation time between apo and each NNI2 were mapped on horizontal bars below the sequence according to the legend. Regions mapped with significant ⌬% D were resolved for overlap. Effects on percent deuteration that are common to all three NNI2s, defining a common allosteric network, were highlighted on the sequence in dark blue. Effects that are restricted to one or two NNI2s only are highlighted in cyan. Subdomains were delineated above the sequence and color-coded according to Fig. 1 . Notable secondary structure elements were named using the naming from Bressanelli et al. (5) . B, allosteric network common to all three NNI2. Peptic fragments displaying significant ⌬% D at any incubation time point for all three NNI2 were mapped on NS5B (3FQL.pdb) using a surface rendering and colored dark blue as in A. Dinucleotide primed template (orange and yellow spheres) and representative inhibitor (magenta sticks) were positioned through alignment with appropriate structure, 4WTK.pdb for the dinucleotide primed template and 3FRZ.pdb for the inhibitor (Filibuvir). (8, 11) , HDX studies using a reaction mixture used in kinetic studies would be uninterruptable. Moreover, there are multiple states (initiation, transition, and elongation) that one would like to study individually. Our kinetic studies argue that RNA is stably bound only in the elongation complex, but perhaps of most interest would be the complex representing the transition from initiation to elongation, which may be formed only transiently. Indeed, to date there is only one crystal structure mimicking the initiation complex (7) and none of the elongation complex with an intact ␤-loop. In future studies we will work to isolate elongation complex in sufficient quantities and purity to perform HDX measurements, but that represents a significant technical challenge. Our current work addresses the fundamental properties of the apoenzyme and reveals significant long range effects of NNI2 on enzyme dynamics. Moreover, the magnitude of the effect of different NNI2s on exchange dynamics is correlated with their potency seen in kinetic analysis of inhibition (11) , supporting our conclusion that studies on the free enzyme reflect fundamental dynamics that persist in the enzyme-RNA complex.
NNI2 binding induces significant reductions in deuterium uptake at both short and long labeling times. Reductions in exchange at the shortest labeling times (10 s) are generally attributed to the formation of new secondary structure or the burial of exchangeable amide hydrogens in an interface, whereas reductions in exchange at longer incubation times, such as minutes or hours, is attributed to reductions in the frequency of small or large scale "breathing motions" that transiently expose amide hydrogens for exchange (31) . Persson and Halle (32) recently analyzed a millisecond-length molecular dynamics simulation of the protein BPTI and concluded that the locally "open" exchange competent states have a mean residence time of 100 ps. Thus, at least for exchange in the EX2 regime, even HDX monitored on the minutes-to-hours timescale reports on the frequency of fast timescale dynamics.
Our work provides the first experimental evidence to show that NNI2s induce long range perturbation of the conformational dynamics of NS5B. These results are especially suggestive when combined with data showing that NNI2s block the transition from initiation to elongation, resulting in the accumula- tion of abortive products, three-five nucleotides in length (11) . The magnitude of this effect follows the order Lomibuvir Ͼ GS-9669 Ͼ Filibuvir. In Fig. 6 it is clear that the extent of rigidification of NS5B by NNI2s follows this same trend, with the most extensive effects seen for Lomibuvir followed by GS-9669 and then Filibuvir. The parallel between enzymatic assays and HDX suggests that suppression of conformational dynamics provides a rationale for the long range effects leading to inhibition. Our results suggest that NNI2 stabilizes the closed initiation-mode state and thereby inhibits the transition from the closed, de novo-initiated primed-template bound state into the more open, processive elongation-competent state.
Biochemical and structural studies have pointed to several structural motifs whose conformational dynamics may be involved in this transition from the initiation-competent closed state to the elongation-competent open state. For instance, the restriction of motions of the ⌬1 fingers extension loop has been implicated in the initiation stages of RNA synthesis by NS5B by limited proteolysis (33) . Moreover, the displacement of the finger extensions away from the thumb subdomain through mutagenesis were also shown to result in an initiation-incompetent yet elonga-tion-enhanced construct exhibiting increased double-stranded RNA binding (34) . On the frontal side of the protein, the presence of the ␤-loop in the RNA binding channel was shown to be critical for de novo initiation (35) , yet attempts to bind duplex RNA into the active site indicate that the ␤-loop must be displaced (or removed) to form a stable elongation complex.
The requirement for the progressive removal of the C-terminal tail and ␤-loop during transition into elongation state was first suggested by Harrus et al. (36) . Recently reported co-crystal structures of NS5B with various RNA constructs including a dinucleotide primed template mimicking a primed-initiation complex and a symmetrical 8-mer RNA duplex approximating the elongation complex (with a ␤-loop deletion) showed the progressive opening of the RNA binding channel in the transition from initiation to elongation (7) . This transition appears to proceed with an increased distance between fingers and thumb domains as illustrated by the increasing distance between loops ␣D-␣E and ␣O-␣P, displacement of the ␤-loop. It appears that the C-terminal tail may be displaced upon binding template RNA (7) . Finally, MD simulation studies have linked NNI2 binding with changes in conformational sampling of NS5B between a closed, initiation-competent state and a more open, elongation-competent state (37) . Overall, there is ample evidence to suggest that the transition from a closed, initiationcompetent state into an open, elongation-competent state would involve significant motions both in the fingers/fingers extension as well as the C-terminal tail/␤-loop regions.
The NNI2-induced rigidification revealed in this study is consistent with the overall mechanism of inhibition revealed by nucleotide incorporation kinetic assays (11) but also provides molecular details underlying a conformational basis for differences in potency among the three NNI2s studied.
We have shown that all three NNI2s significantly decrease the conformational fluctuations sampled in a common network of residues that extends from the binding site through the fingers extension into the fingers domain. This allosterically induced rigidification of the fingers and fingers extension is consistent with a more stable closed state that would hinder the sampling of open conformations that have been suggested to be required for elongation (34, 35) . In addition, thiophene-based Lomibuvir and GS-9669 confer additional loss in conformational flexibility in the C-terminal tail/␤-loop motif, critical regions that may be linked to the transition into the open elongation-competent state (7, 36) . The regions rigidified by Lomibuvir/GS-9669 binding completely encircle the RNA binding cleft and are suggestive of an increased difficulty in transitioning into an open elongation. The chemotype-specific suppression of dynamics underlying EX1 exchange in the RNA binding cleft by the two thiophene-based NNI2s may also contribute to their more pronounced inhibition of the transition to elongation, and moreover, the trends follow the inhibitor potency observed in kinetic studies with Lomibuvir Ͼ GS-9669 Ͼ Filibuvir. Taken together, the HDX and nucleotide incorporation data provide evidence that the primary mode of action of NNI2 is to inhibit the transition from an initiationcompetent closed state into an elongation-competent open state leading to the accumulation of abortive intermediates. The differences in potency observed is attributable to differences in intensity and extent of these allosteric effects that would hinder this transition.
A detailed examination of these differences in conformational dynamics as it relates to differences in potency can potentially provide valuable insight for medicinal chemistry and further development of more effective NNI2. For instance, it is worth asking how thiophene-based inhibitors Lomibuvir and GS-9669 suppress conformational dynamics in the ␤-loop/C-terminal motif but Filibuvir does not. Relating chemotype-dependent contacts in the binding site to long range chemotype-dependent effects on dynamics may allow inferences to be made on how local variations in inhibitor-protein interactions may lead to differences in potency. Such analysis could illuminate the path to more potent inhibitors.
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